ABSTRACT Reaction microcalorimetry and potentiometry have been used to define the thermodynamics of assembly of Escherichia coli aspartate transcarbamoylase (aspartate carbamoyltransferase, carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2) from its catalytic and regulatory subunits and the linkage between assembly and proton binding. Over the pH range 7-9.5 and the temperature range 15-300C, assembly is characterized by negative enthalpy and heat capacity changes and positive entropy changes. The dependence of the enthalpy and entropy changes on pH is complex; however, the negative heat capacity change results in both quantities becoming more negative with increasing temperature. Assembly is linked to the binding of protons; the effects observed can be fit to models involving six or more ionizable groups with pK values of 7. 3-7.4, 8.5-8.8, and 9.2-9.5, which ionize cooperatively. Contributions from additional groups cannot be ruled out and are in fact expected. The overall pattern of thermodynamic effects implies a complex set of intersubunit interactions. Protonation reactions and increased hydrogen bonding are likely to be the major sources of the negative enthalpy change; however, the negative heat capacity change results primarily from changes in solvent structure associated with hydrophobic and electrostatic bond formation with changes in lowfrequency vibrational modes making a secondary contribution. Similarly, the relatively small entropy change observed within the temperature range examined probably reflects the balance between positive contributions from increased hydrophobic and electrostatic bonding and negative contributions from increased hydrogen bonding and damping of low-frequency vibrational modes. cial from a mechanistic point of view will require additional information (9-12).
Allosteric regulation of activity in Escherichia coli aspartate transcarbamoylase (aspartate carbamoyltransferase, carbamoylphosphate:L-aspartate carbamoyltransferase, EC 2.1.3.2) requires both communication between subunits (1-4) and changes in subunit interactions on effector binding (5) (6) (7) . Understanding the nature of the subunit interactions is therefore critical to elucidating the allosteric mechanism. A substantial body of structural information has recently become available from crystallographic studies, which have now been carried to atomic level resolution (8) . The history of hemoglobin research suggests, however, that identifying those interactions that are crucial from a mechanistic point of view will require additional information (9) (10) (11) (12) .
Because allosteric regulation is a thermodynamic phenomenon, thermodynamic information will clearly be essential. Allewell and co-workers have examined the energy changes associated with binding of substrate analogs (7, 13) and NTPs (14) and found that binding of both types of ligand is linked thermodynamically to binding of protons. It has also been shown that the nature of this linkage is different for the activator, ATP, and the inhibitor, CTP (14) .
We have used reaction microcalorimetry to measure, over a range of pH and temperature, the enthalpy changes that accompany assembly of the native enzyme from isolated subunits in the reaction ,2c3 + 3 r2 W6, where C3 and r2 represent catalytic and regulatory subunits, respectively. Linked proton binding was characterized directly by potentiometry. These data together with estimates of the free energy of the c-r interactions from the literature allow the energy changes associated with assembly to be calculated as a function of both pH and temperature. Hence they provide thermodynamic criteria that can be used to test and develop models of the allosteric mechanism.
METHODS
Proteins. The native enzyme was purified from a derepressed diploid strain of E. coli as described (7, 15) from cell cultures grown at either the New England Enzyme Center (Boston) or Oak Ridge National Laboratories (Oak Ridge, TN). Purity, as determined by polyacrylamide gel electrophoresis and enzymatic activity, was similar to previous preparations (7) . Subunits prepared by dissociating the native enzyme with neohydrin were separated on DEAE-cellulose (14, 16) ; purity was assessed by polyacrylamide gel electrophoresis, microzone electrophoresis, analytical gel chromatography, and Zn(II) analysis. Concentrations were determined spectrophotometrically, assuming values for A1Ym at 280 nm of 3.2, 7.2, and 5.9 and molecular weights of 33,700, 100,000, and 310,000 for r2, C3, and c64, respectively (15) .
Buffers. Calorimetric measurements were made in 0.04 M K+ Hepes (pH 7.0-7.6), K+ Ches [2-(N-cyclohexylamino)-ethanesulfonic acid] (pH 8.9-9.5), KH2PO4/K2HPO4 (pH 7.0-9.5), or Tris-HOAc (pH 8.0-8.6) in the presence of 0.2 mM dithiothreitol/0. 1 mM Zn(OAc)2. Ionic strengths varied from 0.010 to 0.025 M. The pH was adjusted at the experimental temperatures. Potentiometric experiments were carried out in 20 mM NaOAc/0.2 mM dithiothreitol.
Calorimetry. Heat effects were measured in an LKB batch microcalorimeter. Volumes (-=2 and 4 ml for r2 and C3, respectively) were determined by weighing the syringes used to fill the cells before and after loading the calorimeter. Final concentrations were -1.0 mg/ml for r2 and -'0.75 mg/ml for C3. Since the heats of dilution of both r2 and C3 are negligible, buffer was used in the reference cell. Frictional and viscous heats were determined in remixing experiments. Most experiments were performed with a small (=25%) molar excess of r2; however, experiments carried out with excess C3 yielded similar results. When C3 was titrated with substoichiometric amounts of r2, the apparent enthalpy of assembly increased linearly with increasing concentration of r2 until a 2:3 ratio of C3:r2 was achieved. (17) . The error estimates listed correspond to the outer confidence limits.
RESULTS
The assembly reaction is linked to the binding of protons, with maximal effects, within the pH range examined, at pH 7 and 9.5 ( Fig. 1) . Apparent molar enthalpies, uncorrected for proton effects, show little variation over this pH range ( Fig. 2 Inset) ; however, the appropriate corrections for heat effects associated with transfer of protons from the buffer to the protein introduce substantial pH dependence (Fig. 2) . As tein per c-r bond formed) and -AHcrt (enthalpy change per cr bond formed) are generally parallel. The greatest differences occur near pH 8.6, where a distinct shoulder in -AHcr is apparent, and at pH 7.0, where AVH+ but not -AHcr, increases sharply in magnitude.
Results for other proteins (cf. ref. 9) suggest that a large number of groups probably contribute to these effects and that complete resolution of these groups will require additional information. If the linkage between proton binding and assembly is assumed to result from assembly-induced changes in the pK values of ionizable groups and the pH 7 point in Fig. 1 Fig. 2 . Including more than three classes of groups, or more than eight groups, did not improve the fit. The data could be fit assuming infinitely cooperative ionizations (cases A-C). Allowing ni # mi (case D) resulted in unacceptably high correlation coefficients (-0.99) and a less-than-optimal fit to the enthalpy data.
Over the pH range 7-9.5, the assembly reaction is characterized by a large negative heat capacity change, which varies to only a small extent over the pH range examined but becomes slightly more negative with increasing temperature (Fig. 3) . Although there is a suggestion of a discontinuity at 200C, which would be consistent with the thermal transition reported by Wedler and Gasser (19, 20) , the data were fit to the polynomial AH = A + B(T -15) + C(T -15)2. [3] Contributions of the buffers were estimated from values for AHln. the entropy change associated with the loss of degrees of freedom in forming c6r6 from 2 C3 and 3 r2, is 31.9 calK-KmoLb1-, from Eq. 4: ASorr = (n -1)7.98 cal K-'-mol', [4] where n equals the number of reactants (23 [5] where T is in degrees Kelvin, integration of the van't Hoff equation yields (24) AG =A' -B'T In T-C'T2 + D'T, [6] where Values were calculated from curve in Fig. 3 for Tris-HOAc.
This result is analogous to that derived by Saroff (28) estimates that each water molecule lost on formation of a hydrophobic bond contributes -5.6 cal K-' mol' to ACp, the value of ACPhydro given above implies that =55 water molecules are released per c-r bond formed (27) .
DISCUSSION
Because each c chain in c6r6 is in contact with three c chains and two r chains (8) , the energy changes accompanying assembly reflect the formation of intersubunit bonds at three interface regions: Cl-Ri, C1-R4, and C1-C4. The greatest contribution is probably made by the Cl-Ri interface, where the most extensive interactions occur. Effects due to alterations in secondary and tertiary structure must also be considered, because assembly clearly alters the structures of both subunits (29) (30) (31) . On the other hand, no contribution from formation of Cl-C2-C3 or R1-R2 interfaces is expected, because both r2 and C3 will Fig. 2 ; errors were calculated directly from experimental data.
be fully associated under the conditions used (32, 33) . In terms of our present understanding, the major sources of the observed thermodynamic effects to be considered are changes in solvent structure, protonation reactions, formation of noncovalent (ionic, hydrogen, and hydrophobic) bonds, and changes in low-frequency vibrational modes. Protonation reactions will contribute to the negative enthalpy and positive entropy change, although to only a small extent; AHo, with proton effects subtracted out, still has a value of -8 kcal/moLr. Because ASion for lysine methyl ester has a value of -31 cal K-' mol-' (21), the maximal contribution of proton effects to AS,, (at pH 9.5)
can be estimated at -1 cal K-1mol-'. Their effect on ACp is probably negligible.
The combination of negative enthalpy and heat capacity changes and a positive entropy change requires that several effects be considered. The most likely source of the negative enthalpy change is increased hydrogen bonding. As shown in Results, however, the negative heat capacity change probably depends primarily on changes in solvent structure associated with hydrophobic and electrostatic bond formation and secondarily on changes in low-frequency vibrational modes. Similarly, the sign of the entropy change would be expected to be determined by the balance between an increase in hydrophobic and electrostatic interactions and damping of soft vibrational modes, with the effects of noncovalent bonding being dominant. The shift toward more negative enthalpies and entropies with increasing pH and temperature suggests that the subunits and the native enzyme may be differentially destabilized by extreme conditions, with the subunits being more susceptible.
Evidence that the subunit interactions are indeed this complex is available. Results of both hydrogen exchange (31) and differential scanning calorimetry studies (30) indicate that the structures of both subunits tighten on assembly. The crystal structure suggests that at least four hydrogen bonds are formed between C3 and r2 on assembly (8) . Groups that may contribute to the proton uptake effects include the a-amino groups and lysine-138 of r2, at the R1-R6 and Cl-Ri interfaces, respectively, and lysine-164 and tyrosine-165 of C3, at the Cl-C4 interface. Hydrophobic interactions are involved in the interactions between R1 and R6 and may also be important in interactions within C3, which is destabilized by both chaotropic salts and reduced temperatures (33) . Alterations in interfaces between covalently linked domains may also occur as a result of subunit association; the predominant interactions here appear to be hydrophobic (between the allosteric and zinc domains in r chains and between the equatorial and polar domains of c chains) and electrostatic (again between the equatorial and polar domains of c chains). Because interactions within the native enzyme are complex, higher resolution studies are required to resolve specific interactions. Studies of interchain interactions within subunits and of individual site mutants, with alterations at specific subunit interfaces, would be desirable. It will also be of interest to determine whether the ionizable groups perturbed by assembly and ligand binding can be identified through electrostatic calculations based on the crystal structure and to explore the basis of their cooperative ionizations. Finally, additional information about solvation is crucial.
The changes in subunit interaction energies produced by ligand binding can be evaluated by comparing the energetics of effector binding to the subunits and native enzyme (7, 14) . These results are summarized in Table 5 . Surprisingly, N-phosphonacetyl-L-aspartate, ATP, and CTP all produce increases in both the enthalpy and entropy of subunit interactions, with the magnitudes of the changes being larger for nucleotides than for Nphosphonacetyl-L-aspartate. The data for N-phosphonacetyl-Laspartate suggest that the weakening of c-r interactions seen when N-phosphonacetyl-L-aspartate binds (6) may result from (14) . Measurements were made in the presence of a saturating concentration of PALA.
the loss of hydrogen bonds. Surprisingly, succinate has no apparent effect, while the effects of carbamoyl phosphate are opposite to those of other ligands. These results bear no simple relationship to the effects of these ligands on quaternary structure or the predictions of two-state models (34) . Because the pathways of transmission of homotropic and heterotropic effects appear to be different (cf. refs. [35] [36] [37] [38] [39] and the crystal structure indicates the existence of C3-C3 as well as c3-r2 contacts, the possibility that homotropic-effects depend on changes in c3-c3 interactions while heterotropic effects depend on changes in c3-r2 interactions warrants investigation.
It is of interest to compare these results with other thermodynamic studies of protein-protein interactions. Assembly of concanavalin A tetramers from dimers appears to depend largely on hydrophobic interactions, as the crystal structure suggests (40) . Formation of hemerythrin octamers may also involve hydrophobic bonds, although the volume and heat capacity changes of the reaction are not consistent with this conclusion (41) . A combination of hydrophobic, hydrogen, and ionic interactions has been invoked to account for association of RNAse S peptide with S protein (22) and of haptoglobin with hemoglobin (42) . Although the combination of enthalpic, entropic, and heat capacity changes observed for the dimerization of glucagon would traditionally be interpreted as resulting from hydro. gen bond formation, these effects were attributed to conformational changes on assembly (43) , because the crystal structure indicates that the subunit interactions are primarily hydrophobic. The self-association of hemoglobin monomers to form a2 or 14 is dominated by hydrophobic interactions, as are the interchain interactions at the noncooperative a1-01 interface of the tetramer. In contrast, the interactions between al-,82 in the tetramer, which regulate binding of 02' (44) , are mediated primarily by hydrogen bonds (45) . Interestingly, this pattern of hydrogen bonds at allosteric interfaces and hydrophobic interactions at noncooperative interfaces is repeated in aspartate transcarbamoylase. Both the crystal structure and our thermodynamic results indicate that the interchain interactions in C3, which binds substrates noncooperatively, depend largely on hydrophobic bonds (8; 33) while the major interactions at the interface between c3 and r2, where allosteric signals are transmitted, appear to be hydrogen bonds (7, 8, 14i 18 
